The budding yeast Saccharomyces cerevisiae reacts to increased external osmolarity by modifying many cellular processes. Adaptive signaling relies primarily on the high-osmolarity glycerol (HOG) pathway, which is closely related to the mammalian p38 mitogen-activated protein kinase (MAPK) pathway in core architecture. To identify target proteins of the MAPK Hog1, we designed a mass spectrometry-based high-throughput experiment to measure the impact of Hog1 activation or inhibition on the S. cerevisiae phosphoproteome. In addition, we analyzed how deletion of RCK2, which encodes a known effector protein kinase target of Hog1, modulated osmotic stress-induced phosphorylation. Our results not only provide an overview of the diversity of cellular functions that are directly and indirectly affected by the activity of the HOG pathway but also enabled an assessment of the Hog1-independent events that occur under osmotic stress conditions. We extended the number of putative Hog1 direct targets by analyzing the modulation of motifs consisting of serine or threonine followed by a proline (S/T-P motif) and subsequently validated these with an in vivo interaction assay. Rck2 appears to act as a central hub for many Hog1-mediated secondary phosphorylation events. This study clarifies many of the direct and indirect effects of HOG signaling and its stress-adaptive functions.
INTRODUCTION
Adaptive responses to fluctuations in extracellular parameters are generally controlled by complex signal transduction systems that transmit information on environmental cues to various effector molecules. These regulatory systems often constitute highly intertwined kinase and phosphatase networks rather than one single well-defined signal transduction pathway. To add further complexity, individual kinases and phosphatases can show different response kinetics depending on the stimulus, resulting in primary and complementary responses. Several high-throughput mass spectrometry (MS) shotgun studies have been undertaken to globally record cellular responses with the aim of determining the individual contribution of kinases to a given phosphoproteomic state (1) (2) (3) (4) (5) (6) . However, the collective frequency of phosphorylation and dephosphorylation events hampers the identification of specific kinase-substrate interactions (1, 7) .
The hyperosmotic stress response of the budding yeast Saccharomyces cerevisiae is a paradigm for such responses and has been well characterized using mRNA microarrays and MS-based approaches (4, 6, (8) (9) (10) . Upon exposure to high osmolarity, yeast cells experience rapid water loss and shrinkage. Reprogramming of gene expression patterns, a temporary cell cycle arrest, and, ultimately, an increase in the intracellular concentration of the compatible osmolyte glycerol are the cornerstones of this response (11) . In addition, osmostress effects on glycolysis and cytoskeletal and mitotic spindle dynamics have been proposed (4, 6) .
One of the main signaling cascades involved in the osmostress response is the high-osmolarity glycerol (HOG) mitogen-activated protein kinase (MAPK) pathway (12) (13) (14) , which is highly conserved across the fungal kingdom and homologous to the mammalian p38 stress-activated protein kinase (SAPK) pathway. Its central module essentially consists of the MAPK Hog1, the MAPK kinase (MAPKK) Pbs2, and the three MAPKK kinases (MAPKKK) Ssk2, Ssk22, and Ste11. Upon activation by extracellular hyperosmolarity, the MAPK undergoes dual phosphorylation at residues Thr 174 and Tyr
176
. This dual phosphorylation correlates with Hog1 kinase activity, which peaks at 5 min after stress induction and returns to the original state within 20 to 30 min (11) . The activated MAPK coordinates the osmostress response by phosphorylating motifs consisting of serine or threonine followed by a proline (S/T-P motifs) on several target proteins. Ultimately, the cascade leads to the activation of downstream kinases, such as Rck2 (15) , which has been associated primarily with translation.
Despite the fact that many direct and indirect targets of Hog1 have already been described, several aspects of the hyperosmotic stress response are still not completely understood (11) , including which cellular functions are directly controlled and which are indirectly controlled by Hog1. Kanshin et al. and Soufi et al. describe the scale and dynamics of the hyperosmotic stress response on a phosphoproteomic scale and find the response to be complex, involving many kinases and phosphatases (4, 6) . Motif searches using sequences flanking dynamic phosphorylation sites reveal the involvement of basophilic protein kinase A (PKA) and p21-activating kinases (PAKs), proline-directed kinases [MAPKs and cyclin-dependent kinases (CDKs)], and others (4, 6) . Although these data sets provide an excellent overview of osmostressinduced changes in the yeast proteome, the lack of experiments where Hog1 is specifically deactivated hampers efforts to unambiguously define substrates of this MAPK. Moreover, identification of dynamically phosphorylated sites does not allow unequivocal assignment of phosphorylated targets to one specific kinase, which we demonstrated for S/T-P sites of Pan1, a protein involved in early endocytosis (7) . To extract kinase-substrate interactions in a system-wide manner, it is therefore necessary to use experimental means to resolve kinase dependencies of distinct phosphorylation sites.
Here, we addressed this problem using a dual MS shotgun approach based on stable isotope labeling with amino acids in cell culture (SILAC) (16, 17) with the aim of identifying substrates of Hog1. Integration of the MS data sets revealed more than 25 previously unidentified putative substrates and numerous indirect targets of Hog1. Identified target proteins were further validated by their ability to directly interact with Hog1 in vivo using a protein-protein proximity assay (18) . In addition, we demonstrated the role of the kinase Rck2 as a master regulator of secondary responses downstream of Hog1.
RESULTS

Experimental setup to identify Hog1 targets
In yeast, extracellular hyperosmolarity activates the MAPK Hog1, which regulates various cellular processes important for stress adaptation and survival (11) . Large-scale MS studies sought to predict specific Hog1-substrate interactions either by measuring osmostress induction or by using a hog1D strain (1, 4, 6) . However, the overwhelming complexity of secondary effects impedes the discovery of specific substrates. We hypothesized that only the integration of both layers of information (induction and inactivation of Hog1, ideally by using a Hog1-specific inhibitor) would allow unambiguous assignment of phosphorylation events to Hog1 activity. Hence, to identify previously undescribed substrates of Hog1, we designed a two-step experimental setup using a quantitative proteomics strategy based on SILAC MS labeling (Fig. 1A) .
As the first step, we measured global changes in the phosphorylation pattern of the yeast proteome 5 min after exposure to increased extracellular salt concentrations, hereafter referred to as setup stress response (SR). As the second step, we conducted a series of quantitative MS shotgun experiments using a strain of yeast bearing a point mutation in the endogenous Hog1 locus (Hog1as) that renders the encoded protein sensitive to inhibition by the adenosine 5′-triphosphate (ATP) analog 1-isopropyl-3-(phenylethynyl)-1H-pyrazolo [3,4-d] pyrimidin-4-amine, also called SPP86 (19) . After application of the inhibitor, cells were subsequently exposed to hyperosmotic stress treatment for 0, 5, or 10 min, designated as setups I + 0'S, I + 5'S, and I + 10'S, respectively (Fig. 1A) . Phosphorylated S/T-P motifs displaying more than a twofold increase in abundance in setup SR and sensitivity to inhibitor treatment in setups I + 0'S, I + 5'S, or I + 10'S were considered putative Hog1 substrates (Fig. 1B) .
Identification of stress-induced changes in the S. cerevisiae phosphorylome From our analysis of 283 liquid chromatography (LC)-tandem MS runs, we identified 39,055 peptides with a false-positive rate below 1% for both peptides and proteins (table S1) . On average, we achieved ã 40% overlap for peptides between setups, allowing a systematic integrative analysis of the data sets ( Fig. 2A) . To facilitate phosphorylation site analysis, we integrated all SILAC peptide ratios corresponding to a specific phosphorylation site. In this way, we quantified 8055 phosphorylation sites in setup SR, 23% of which showed more than a twofold change in abundance (corresponding to 735 proteins), confirming the broadness of the hyperosmotic SR in yeast. Seventy-seven percent of phosphorylation sites were static (≤2-fold change in abundance).
To test whether our setup SR adequately reflected the anticipated response of cells challenged with hyperosmolarity, we looked at wellknown phosphorylation events of osmostress signaling (Fig. 2B) . First and foremost, we found phosphorylations at two key residues of Hog1 (Thr  174 and Tyr   176 ) to be increased by about 70-fold, suggesting stress activation of the MAPK. In agreement with this, we also observed a more than 10-fold increase in phosphorylation at the regulatory amino acid residues of the MAPKK Pbs2 (Ser  514 and Thr   518 ). In addition, several well-established Hog1 target sites showed increased phosphorylation, namely, Ser 379 (4, 21) . Comparing setup SR with similar approaches (4) yielded a positive correlation (R = 0.53) for most of the dynamic phosphorylation sites ( fig. S1, A and B) . We thus recovered generally accepted hallmarks of the SR and demonstrate full activation of Hog1 as well as data consistency with previous studies. We provide a detailed list of the integrated results of all shotgun experiments (table S2) .
Hog1-specific and general responses to hyperosmotic stress A previously unaddressed aspect of the HOG response concerns how many changes in the global phosphorylation pattern are mediated by Hog1 in a direct or indirect manner. To tackle this question, we compared the corresponding SILAC ratios of data sets SR to I + 5'S and I +10'S (Fig. 2, B to D). The distribution of SILAC fold changes, shown along the x axis, represents phosphorylation changes in response to hyperosmotic stress. The dispersion along the y axis indicates susceptibility to inhibitor treatment and therefore the degree of Hog1 dependency. By setting conservative ratio cutoffs (twofold) along both axes, we defined eight data fields containing sites with distinct properties that can be characterized individually (Fig. 2D) . Field 1 includes phosphorylation sites that increase in abundance in response to high osmolarity but remain unchanged if Hog1 is specifically inhibited. Therefore, the phosphorylation status of these sites is directly or indirectly dependent on Hog1 activity. Field 2 includes phosphorylation sites that do not change in response to osmostress but are susceptible to inhibition of Hog1. Field 3 contains sites that decrease in abundance in response to stress and are also less abundant upon inhibitor treatment, and so forth. Finally, field 8 includes all phosphorylation sites that increase in abundance in response to high osmolarity in a Hog1-independent manner. Although we observed a shift of data points toward higher values along the x axis, suggesting an increase of phosphorylation events during stress in general, the distribution along the y axis did not show any particular skewing. We expected changes along the y axis to be minor given that the response was limited to inhibition of a very specific pathway. In total, 9% of phosphorylation sites covered in setup I + 5'S (10% of setup I + 10'S) were positively or negatively affected by inhibition of Hog1.
We evaluated the functional properties of the set of proteins clustering in field 1 (Fig. 2E ) and found enrichment for proteins involved in transport of solutes, endocytosis, and signal transduction, which is in line with previous reports (7, 9, 11, 15, (21) (22) (23) . In addition, gene ontology (GO) terms related to the regulation of catalytic activity and diverse metabolic processes were also overrepresented, emphasizing the previously suggested role of Hog1 in metabolic fine-tuning (11) . Although previously attributed to HOG signaling (4), actin-and cytoskeleton-related processes were enriched within the Hog1-independent set of proteins (field 8).
We next tested for overrepresentation of peptide motifs surrounding dynamic phosphorylation sites using MotifX (Fig. 2F and fig. S1C ) (24, 25) and first focused on phosphorylation at sites with prolines at position P + 1 (S/T-P motifs), which is indicative of targeting by prolinedirected kinases such as MAPKs and CDKs. Surprisingly, phosphorylation of most S/T-P motifs was independent of Hog1 (field 8), suggesting that multiple proline-directed kinases are active during the SR (Fig. 2, D  and F, and fig. S1 , D to F). Only a minor fraction of S/T-P motifs were located in field 1, the group of phosphorylation sites that increase in abundance in response to high osmolarity but remain unchanged if Hog1 is specifically inhibited. Twelve proteins contained multiple S/T-P motifs, some of which were phosphorylated dependently of Hog1 and some of which were phosphorylated independently of Hog1 [in total, 542 proteins harbored sites from more than one field (table S3) fig. S2D ).
We therefore conclude that most of the stress-induced phosphorylation dynamics of S/T-P motifs are in fact phosphorylated not by Hog1 and Kss1 but by another proline-directed kinase (or kinases) and that the direct impact of Hog1 on the global phosphorylation pattern is probably smaller than anticipated.
Identification of putative Hog1 substrates
The 36 S/T-P motifs in field 1 correspond to a total of 32 proteins that might represent direct targets of Hog1 (Table 1A and fig. S2E ). To prevent the omission of targets due to incorrectly assigned phosphorylation sites, phosphorylations at S/T-S/T-P motifs were also considered. For completeness, setup I + 0'S was also included in the analysis (Table 1A and table S2 , global changes in the yeast phosphorylome in response to hyperosmotic stress were determined; n = 6 biological replicates. In setups I + 0'S, I + 5'S, and I + 10'S (right), Hog1as was inactivated by the addition of as-inhibitor, an ATP analog, followed by hyperosmotic stress treatment for 0, 5, or 10 min, respectively; n = 2 biological replicates for each of the three experimental setups. Stress-activated kinases are indicated in red, and phosphorylation events are indicated in blue. The yellow dot indicates the as-inhibitor. (B) Schematic illustration of the applied workflow. Phosphorylation events displaying a greater than twofold increase or decrease in abundance between the SR and I + S setups were considered significant changes. The phosphorylated S/T-P motifs that increased in abundance in response to stress and showed sensitivity to inhibitor treatment were considered putative substrates of Hog1. SCX, strong cation exchange. P < 0.05 well-established Hog1 targets, such as the transcription factor Sko1 (Thr 215 ) (27) and the adapter protein Ste50 (Thr   244 ) (22, 23) . Next, we aimed to extract leads for additional putative Hog1 targets from our data sets, focusing on S/T-P motifs that showed susceptibility to inhibitor treatment but were not covered in setup SR. This group of sites was compared with published data from Kanshin et al. (4) and browsed for increased phosphorylation in the early response to hyperosmotic stress. We found three phosphorylation sites that fit these criteria: Ser 790 of the Golgi-associated retrograde protein Vps53 (28), which has not previously been associated with the HOG pathway, Ser 54 and Ser 57 of the MAPKKK Ssk2 (9), and Ser 227 of the retrograde and target of rapamycin pathway transcription factor Rtg3 (Table 1B) (29) .
In a second approach to examine the data set for potential targets, we grouped S/T-P motifs that get phosphorylated in setup SR but were not covered in at least one of the inhibitor data sets. Again, we compared this group with the data set of Kanshin et al., who hypothesized that conserved and putatively functional kinase-substrate interactions in the HOG response occur more rapidly than promiscuous interactions (4) . This way, we were able to extract three additional candidates, namely, the trehalose synthase Tsl1 (Ser 147 and Ser 161 ), the PAKSte20 family protein kinase Kic1 (Thr   625   ) , and the uncharacterized protein Ynl115c (Ser 244 ) (Table 1B) . Of these four phosphorylation sites, Ser 161 of Tsl1 showed the largest increase in stress-induced phosphorylation (~17-fold) and therefore strongly qualified for being a bona fide target of Hog1. Because trehalose functions as an osmolyte and protects the plasma membrane in Escherichia coli (30), one could assume that it might exert a similar function in yeast in response to hyperosmotic stress (31, 32) . Given the potential link to the HOG pathway, which had not yet been investigated, we performed some further in-depth analysis of the Tsl1 phosphorylation pattern in response to stress and Hog1 inhibition using a validation strategy based on tandem affinity purification using a histidine-biotin tag (HTB) (7). We confirmed Hog1 dependency for phosphorylation of two S/T-P motifs of Tsl1: Ser 135 and Ser 147 ( fig. S3 ). Finally, we also considered S/T-P motifs as potentially interesting if they were identified in at least two of the inhibitor setups, even if no other information on stress dependency was available. Four phosphorylation sites fulfilled these criteria: Ser 176 of Are2 (33), Ser 602 of Rod1 (34), Ser 477 of Ecm25 (35), and Thr 67 of Ppz1 (36) . Of this group, Ecm25 and Ppz1 were not identified by any other selection criteria described above (Table 1B) . To complete our search, we browsed the data from setups I + 5'S and I + 10'S for quantifications relying solely on one peptide identification and found as-inhibitor-susceptible S/T-P motifs from 22 proteins that were quantified only in a single LC-MS run (table S4) . It must be emphasized, however, that SILAC ratios based on a single identification must be considered as highly uncertain. This group contained some interesting candidates, for example, the transcription factor Smp1, the protein kinase Ste50, and the F-Bar protein Syp1, all of which have been previously connected to HOG signaling (4, 22, 23, 37) . The group also included protein kinases such as Akl1, Kin1, Rim15, and Ste20 (38) (39) (40) (41) .
In summary, our MS shotgun approach revealed a total of 40 putative target proteins of the MAPK Hog1: 32 from field 1, 6 based on the integration of our data with previously published data sets, and 2 additional candidates that were selected based on coinciding ratios in two of the inhibitor data sets. In total, this set contains 32 putative Hog1-substrate interactions that have not been described previously ( Table 1) .
Identification of Hog1-dependent secondary targets Because Hog1 activity influences the activity of other kinases, we also expected indirect effects of HOG signaling to be prominent in Field 1. Indeed, 82.4% of the phosphopeptides in field 1 were phosphorylated at non-S/T-P motif sequences. We considered this group to represent putative indirect targets of Hog1 (table S5 and fig. S4A ) and attempted to assign kinase dependencies for some of these phosphorylation sites. To do so, we initially searched for overrepresented peptide motifs and found R-X-X-S and S-X-X-X-L motifs to be significantly enriched (Fig. 2F) . Motifs with an arginine at the P−3 position (R-X-X-S motifs) suggest the involvement of basophilic kinases, such as the members of the protein kinase A, G, and C (AGC) and CaMK group, or of the casein kinase I family (42) . Additional hydrophobic residues at the P+4 position (S-X-X-X-L motif) further suggest the involvement of a particular subfamily of the CaMK group (43, 44) . HOG signaling has previously been connected to CaMK-like kinases (15, 45, 46) . For example, it is well known that CaMK Rck2 is a target of the HOG pathway (15, 47) , and its key residues are fully phosphorylated within 60 s of stress induction ( fig. S1B ) (4) . Hence, it seemed likely that Rck2-mediated phosphorylation events also accumulated in field 1. To systematically capture these, we performed an MS shotgun experiment using a strain lacking RCK2 (setup rck2D). We found the Rck2-dependent phosphoproteome to be complex, including positive or negative changes in 13.46% of quantified phosphorylation sites. At least 316 sites, including 108 basophilic kinase motifs, corresponding to 219 proteins, were less phosphorylated in the rck2D strain than in wild-type cells in response to hyperosmotic stress ( Fig. 3A and table S2). Rck2 seems to phosphorylate a large portion of the candidate indirect targets of Hog1 because most of the non-S/T-P motifs of field 1 were affected by RCK2 deletion, whereas the impact of RCK2 deletion on S/T-P motifs of field 1 was negligible (Fig. 3B and fig. S4 , B to D). In total, we allocated 57 indirectly affected targets and an additional 48 stress-or inhibitor-responsive phosphorylation sites to Rck2 activity (table S2) . Hence, we propose Rck2 as a major effector kinase of HOG signaling, influencing various cellular processes during osmostress.
Among the affected proteins, we found several suggested interactors of Rck2 (48-50) and 25 protein kinases from different families, including prominent basophilic kinases such as Gin4, Hsl1, Kcc4, Sch9, and Snf1 ( Fig. 3C and table S2 ). These kinases most likely contribute to secondary responses within the HOG-Rck2 network, thus complicating the interpretation of kinase-substrate interactions. Such an example would be the regulation of the potassium transporter Trk1 (36, 51, 52) by the kinase Hal5 and the phosphatases Ppz1 and Ppz2, which have not previously been connected to HOG signaling. We found phosphorylation of Ser 63 of Hal5 to be dependent on Rck2 (table S2) , whereas Ppz1 and Ppz2 would, based on the MS data, possibly constitute direct targets of Hog1 (Table 1) . These regulatory events might explain changes in the phosphorylation pattern of Trk1 because we found Ser 412 and Ser 414 , which are not present in S/T-P motifs, to increase in abundance in a stress-and HOG-dependent manner. Ser 414 additionally showed susceptibility to deletion of RCK2, supporting a regulatory role for Rck2 in potassium transport (table S2) .
To unravel further network hubs within the HOG-Rck2 network, we applied NetworKIN (53, 54) , an algorithm designed to predict kinasesubstrate interactions (Fig. 3C) . The enrichment for both R-X-X-S and S-X-X-X-L motifs points toward a particular family of kinases of the CaMK group that may act downstream of Hog1 and Rck2 (42, 44, 55) . NetworKIN analysis showed that proteins with these motifs are likely targeted by Kin1, Kin2, Hsl1, Snf1, or Gin4 (Fig. 3C and fig. S5 ). However, key residues of the activation loops of these kinases either were Table 1 . Putative direct targets of Hog1. (A) Candidates extracted from field 1 that contain phosphorylated S/T-P and S/T-S/T-P motifs. SILAC ratios increasing ≥2-fold are highlighted in blue, and those increasing ≤0.5-fold are highlighted in yellow. Phosphoaccepting residues of S/T-P motifs are indicated in bold. "Up" indicates that phosphorylation of these sites was also reported to increase in response to osmostress by Kanshin et 
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not identified in our MS experiments or did not reveal HOG-Rck2-dependent activation, as in the case of Snf1, for example (table S2) . Hence, we considered an alternative approach and hypothesized that, as previously suggested, functional phosphorylation sites would be more likely to be conserved than promiscuous sites (4). We therefore performed sequence alignments for the members of the individual kinase families and mapped affected phosphorylation sites obtained from our MS shotgun data sets. Thereby, we identified a conserved cluster of multiple phosphorylation sites, including an S/T-P motif, at the Cterminal regulatory domain of Kin1 and Kin2 (Fig. 3D) (39, 56, 57) . Although the cluster could not be clearly assigned as a Hog1 or Rck2 substrate, the overall phosphorylation pattern hinted at dependency on HOG signaling. Furthermore, among the NetworKIN-predicted downstream targets of Kin1 or Kin2, we found Ser 351 of Sec9, which is an in vitro substrate of these kinases (Fig. 3D) (57) . This observation suggested that the kinases might become activated in response to hyperosmotic stress and puts forward the hypothesis that Kin1 and Kin2 are activated in a manner that depends on HOG signaling.
Validation of Hog1-substrate interactions
To confirm whether the newly identified putative target proteins (Table 1) directly interact with Hog1, we performed the so-called M-track proteinprotein proximity assay (18, 58) , which is designed to capture transient interactions, such as those between kinases and their substrates. To do so, we tagged each of the candidate proteins with an active enzymatic domain from the SUV39 histone lysine methyltransferase [HKMTmyc (58)]. Hog1 was fused with the prey sequence protA-H3 (58), which is a tobacco etch virus (TEV) protease-cleavable histone H3 tag fused to protein A and hemagglutinin (HA) tags that becomes permanently methylated upon coming into close proximity with the candidate protein bearing the HKMT-myc moiety (Fig. 4A) . Each tagged candidate was coexpressed with Hog1-protA-H3 in yeast cells, and the cells were subjected to various treatments. The proximity signal was detected by Western blotting using an antibody directed against triple-methylated lysine 9 of histone H3 (me3K9H3) (Fig. 4B) . We created functional HKMTmyc tag fusions for 35 of the 40 candidates described above (Table 1) . Our analysis further included the following bait proteins and controls: (i) the kinases Akl1 and Rim15 (38, 41) , the transcription factor Tda9 (59), and membrane protein Skg6 (60) from table S4; (ii) trehalase Nth1 (61), because we discovered a possible link between Hog1 signaling and trehalose metabolism, further supported by an S/T-P-containing peptide that was affected under stress conditions (table S2 and fig. S6 ); (iii) the potassium transporter Trk1, because three regulators of this transporter were identified as putative Hog1 substrates; (iv) three known targets of Hog1, the osmosensor Sho1 (62), the Na + and H + antiporter Nha1 (63) , and the nucleoporin Nup2 (64); (v) paralogs of three factors, Boi2, Bul2, and Dot6; and, finally, (vi) field 8-annotated proteins Mlf3, Nob1, Vts1, and Yol019w and nuclear proteins Bud13, Cac2, and Lin1 as background controls. Background signal intensity was defined using a yeast strain expressing only Hog1-protA-H3.
We first analyzed whole-cell lysates (WCLs) in response to increased NaCl or sorbitol concentrations. Sorbitol treatment also activates Hog1 (65) but does not exert the same potentially toxic effects as sodium; thus, Hog1-substrate interactions captured under this condition additionally confirm the validity of our approach. To saturate proximity signals, we exposed cells for 40 min to the corresponding stimulus. Nineteen of our candidates showed induction of the proximity signal after stress treatment, whereas the negative control (Hog1-protA-H3 alone) did not. Field 8-annotated proteins did not indicate proximity to Hog1 (Fig. 4C) . Most of the strong proximity signals were observed with sorbitol-treated samples (Fig. 4, C and D, and fig. S7 ). Some of the candidate factors (for example, Erg11) showed high proximity signals even in the unstressed state, suggesting an interaction with Hog1 under isosmotic conditions. Finally, we also recovered candidate factors that were selected by less-stringent search criteria, such as, for example, Kin1 and Kin2 or Tsl1 and Nth1 (Fig. 4D) .
However, because of the high variance in the signal intensities, the sensitivity of the applied statistical methods on the accumulated data was not optimal. To reduce variance and improve the signal-to-noise ratio, we performed additional M-track assays using a tag cleavageenrichment system (58) and analyzed only the response to sorbitol (Fig. 4E) . To identify significantly increased proximity signals, we applied Welch's t test to compare signals to the negative control (Hog1-protA-H3 alone). Thirty-five (74.5%) of the 47 kinase-substrate interactions we tested showed proximity signal intensities significantly above background intensity (based on a q value of <0.05). Within this group of proximity signals, 28 (including 24 proteins that have not previously been associated with Hog1) showed a q value of <0.01, implying a direct interaction with Hog1 after stress induction (Fig. 4E ). This group of proteins included well-established hallmarks of HOG signaling, such as Hot1, Nup2, Sko1, Rgc1, Sho1, and Ste50. Among the group of candidates with moderate proximity signals (q > 0.01 and q < 0.05), we found three proteins containing both Hog1-dependent (S/T-P motifs) and Rck2-dependent sites: Boi1, Gip3, and Rod1. This group also contained Akl1 and Bul1, both of which contain phosphorylation sites that were stress-and inhibitorresponsive as well as Rck2-dependent ( fig. S4D and table S2 ). This observation might indicate that either these sites are phosphorylated by both Hog1 and Rck2 or the corresponding proteins contain both Hog1-dependent and Rck2-dependent sites. In summary, our independent validation showed that most of the putative targets identified in our MS shotgun experiments interact with the MAPK.
Testing for osmosensitive phenotypes of the putative direct targets of Hog1
We next tested the newly identified Hog1 targets for potential functional relevance in osmostress adaptation and survival by performing growth assays. To capture short-term stress effects, we compared the growth rates of hyperosmotically challenged and unstressed deletion mutants for each of these proteins relative to those of wild-type and hog1D controls. Eleven of the tested deletion mutants showed osmosensitive growth outside the fluctuation margin of the wild type, and four of these had not previously been associated with osmosensitivity, namely, reg1D, rod1D, vps9D, and ylr275wD (Fig. 5, A and B) . We determined the effects of longterm stress on growth with serial dilution droplet tests on complete medium (YPD) plates containing one of the following stressors: 0.5 M NaCl, 0.8 M NaCl, 1.2 M NaCl, 0.8 M KCl, 1.2 M KCl, or 1.2 M sorbitol. hog1D cells were most sensitive to osmotic shock, whereas wild-type and all the deletion mutants showed lower sensitivity to osmotic stress. Six of the tested candidates, including Rck2, were highly osmosensitive, indicating that they play an essential role in the response to increased extracellular osmolarity (Fig. 5C ). Two additional deletion strains, spt20D and vps53D, showed weak sensitivity to osmotic stress ( fig. S8 ). Because these proteins are associated with processes other than increasing the intracellular concentration of osmolytes, we assume that Hog1 might affect additional functional modules in a posttranslational manner. Results from growth curve analysis and serial dilution droplet tests for different conditions (NaCl, sorbitol, and KCl) are summarized in Fig. 5D .
Signaling network revealing yet undiscovered functions of the MAPK Hog1
Our approach allowed the identification of several previously unidentified target proteins of Hog1; however, the total number is too small for a statistically solid GO enrichment analysis. Seven of the protein candidates fall into the functional GO category of transcription and translation, four into the category of endocytosis, three into vesicle-related processes, and four into stress and starvation signaling (Fig. 6) . For a better overview, we created a protein network based on known protein-protein Hog1-protA-H3 Cyr1
Negative control Proximity signals that differ significantly from background are marked in light blue diamonds (q < 0.05 and q > 0.01) and dark blue squares (q < 0.01). The red gradient indicates low confidence based on q values. One-tailed Welch's t test was applied, and P values were corrected for multiple testing by the Benjamini-Hochberg procedure. Hallmarks of HOG signaling are noted, and proteins that were chosen for validation based on less-stringent criteria are marked as "additional."
interactions from the STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) database (66-68) using a list of 47 known and newly identified targets of Hog1 as input. Many of the cellular functions and pathways known to be directly affected by Hog1 signaling were captured, including cell cycle, signaling, nuclear pore complex, endocytosis, and glycerol channels plus their regulators. Moreover, the network included other molecular functions that have not been previously associated with HOG signaling, such as the Exomer and GET complexes, both of which are involved in vesicular transport to the Golgi; trehalose and ergosterol metabolism; and the SAGA, Mediator, and Rpd3 complex (Fig. 6) . In summary, our analysis emphasizes that the Hog1-mediated response to hyperosmotic stress affects a broader set of functional units than previously anticipated.
DISCUSSION
The study presented here provides a comprehensive MS shotgun analysis designed to monitor the impact of Hog1 activity on the phosphoproteome of S. cerevisiae. To ensure specificity of the screening, we integrated two experimental setups that monitor changes in phosphorylation patterns upon both exposure to hyperosmotic stress and inactivation of Hog1. Using a protein-protein proximity assay, we further validated the candidates that we predicted to interact directly with Hog1 as substrates (18) . In addition, we evaluated contributions made by the effector kinase Rck2. Our approach thus generated a comprehensive view of the Hog1 network, revealing at least 25 previously unidentified substrates and a broad set of indirect target proteins that extend our understanding of the HOG signaling system (Table 1) .
Evaluating known hallmarks of the Hog1 response Signaling through Hog1 has been previously associated with various cellular processes required for the adaptation to hyperosmotic stress, such as the regulation of intracellular glycerol concentration, gene expression, and cell cycle arrest. As a proof of principle for our experimental strategy, we expected to detect phosphosites of established Hog1 substrates that are involved in these processes, which was true for Hot1 (20) , Rck2 (15), Rgc1, Rgc2 (21), Rtg3 (29), Sko1 (69), Ssk2 (9), and Ste50 (Fig. 2C and Table 1) (22, 23) .
However, because of the inherent incompleteness of MS shotgun data sets, not all described hallmarks of Hog1 signaling were covered. We did not identify or quantify the relevant phosphorylation sites of the osmosensor Sho1 (62), the CDK inhibitor Sic1 (70), or some other proteins previously implicated in Hog1 responses (37, (71) (72) (73) . Notably, some known Hog1 target sites (29, 45, 63, 64) were influenced by neither stress nor inhibitor treatment ( Fig. 2 and table S2 ), which agrees with previous observations (4, 6) . Given that Hog1 dependency of many of these sites has been established using in vitro kinase assays (29, 45, 63, 64) , it is questionable whether they are genuine in vivo substrates of Hog1. Alternatively, such observations could be explained by promiscuous modifications due to a related kinase(s) such as Kss1. We addressed this possibility and provided evidence of Kss1 effectively having only a minor impact on our data ( fig. S2 ). Another possible explanation could be that these sites are already saturated for phosphorylation by basal Hog1 activity. If the duration of inhibitor treatment is shorter than the turnover kinetics of phosphorylation, a decrease of phosphorylation events at these sites would not have been readily detected in our experiments.
Other well-established Hog1 target sites showed more clear patterns of phosphorylation that were dependent on Hog1 but independent of osmotic stress (field 2)-for example, Ser 108 and Thr 113 of Sko1 and Ser 74 of Ssk2 ( Fig. 2D and table S2 ). These S/T-P motifs are probably already modified to saturation by Hog1 under isosmotic conditions or undergo rapid dephosphorylation. These observations make it apparent that approaches to measure the turnover rates at individual sites are needed in the future to address such speculations. rgc1Δ  ylr257wΔ  vas1Δ  nth1Δ  get2Δ  sfl1Δ  hot1Δ  boi1Δ  ppz1Δ  bul1Δ  aim21Δ  nha1Δ  rgc2Δ  tod6Δ  dot6Δ  epo1Δ  akl1Δ  bck2Δ  tsl1Δ  nup2Δ  art5Δ  tif4632Δ  ent3Δ  sko1Δ  ssk2Δ  gip3Δ  ppz2Δ  are2Δ  tda9Δ  vps53Δ  spt20Δ  bck1Δ  reg1Δ  rod1Δ  hog1Δ  gal11Δ  hal5Δ  rck2Δ  chs5Δ Hog1-dependent phosphorylation events connected to osmoadaptation Our analysis provides insights into some open questions regarding the influence of Hog1 on the cellular metabolism (Fig. 6) (11) , such as the previously underestimated interconnection of Hog1 signaling and trehalose metabolism and ergosterol biosynthesis. Although hyperosmotic stress tolerance in yeast has been primarily linked to glycerol production (13) , it is also correlated with accumulation of trehalose (31, 32) . This disaccharide is produced by the trehalose 6-phosphate synthase/ phosphatase complex, which is composed of the catalytic subunit Tps1, the phosphatase Tps2, and the regulatory subunit Tsl1. When it is dispensable, trehalose is degraded by the neutral trehalases Nth1 and Nth2. In addition to being a candidate substrate of Hog1, Nth1 is also targeted by PKA (74) (75) (76) (77) , and we recovered a phosphorylation event at Ser 83 of Nth1, which lies in a predicted PKA target motif. The phosphorylation of this site decreased in response to stress (table S2) , which is in line with previous observations on PKA-targeted motifs that are transiently affected under hyperosmotic stress conditions (78) . We also recovered a phosphorylation event at Nth1 Ser 66 ( fig. S6 ), which is targeted by Cdk1 to coordinate the cell cycle with central carbon metabolism (79, 80) . Notably, a peptide including unphosphorylated Ser 66 decreased fivefold upon hyperosmotic stress (table S2), suggesting stress dependency of Nth1 as well. This observation, along with our detection of a significant Hog1-Nth1 proximity signal (Fig. 4E) , leads us to propose that Nth1 is a direct target of Hog1, coinciding with an increase in Nth1 activity during recovery from stress (61) . Moreover, we demonstrated Hog1-dependent changes in the phosphorylation pattern of Tsl1 ( fig. S3 ) and prove proximity to Hog1 as well (Fig. 4E) . Tps3, a known paralog of Tsl1 (81), was not recovered as a Hog1 target in our analysis. Although the function of trehalose during cell stress is not fully understood and trehalose is usually connected to heat stress (31, 77, 82) , it is a widespread assumption that trehalose is somehow involved in protecting and preserving membrane structure (83) . Similarly, sterols, which are essential components of the eukaryotic plasma membrane that affect the fluidity and permeability of the membrane, have been implicated in osmostress adaptation in yeast, and transcription of ERG genes is negatively regulated by Hog1 (84) . Here, we provide evidence that Erg11, a lanosterol 14-a-demethylase, is directly targeted by Hog1, suggesting a transcriptionindependent and thereby faster mechanism for controlling ergosterol biosynthesis. These observations could thus provide novel insights into the mechanisms of plasma membrane protection during hyperosmotic stress.
Besides plasma membrane-related processes, several proteins related to vesicular transport as part of the endocytosis, exocytosis, and retrograde transport machineries were recovered as Hog1 substrates in our analysis. Our findings regarding the serine-threonine kinase Akl1 as a potential Hog1 target (38, 85) agree with previous associations of the actin cytoskeleton regulatory complex member Pan1 with Hog1 (7). Both Akl1 and Pan1 are key constituents of the early endocytic machinery (86) (87) (88) (89) (90) To explore additional putative Hog1-substrate interactions, we also took into account fold changes of peptide variants containing potential target sites but carrying phosphogroups at different positions, as well as their respective unphosphorylated variants. If alternative, or even unphosphorylated, peptide variants showed dependency on Hog1, the corresponding protein might be somehow affected by Hog1 signaling. The corresponding peptides could then harbor phosphorylation sites that, although not necessarily covered in our MS experiment, might be affected by Hog1 (for example, see Ppz1 in Fig. 2C, field 5 ). These considerations pointed toward Kin1 and Kin2 (39, 56, 57) because their detected phosphopeptides resided in field 5. The overall behavior of these sites suggested a Hog1-dependent phosphorylation at a conserved S/T-P motif at the C terminus (Fig. 3D) . Using the M-track assay, we confirmed proximity of these proteins to Hog1 in response to sorbitol treatment (Fig. 4D) . Both of these kinases belong to the Snf1 family of the CaMK group, which require structural rearrangements to unmask the kinase domain for activation. By analogy to Rck2 (15), Hog1 might affect exposure of the activation loop by phosphorylating C-terminal sites of these kinases. The only substrate of these kinases suggested so far, Ser 351 of the t-SNARE protein Sec9 (57), was found among the group of proteins that we identified as indirect targets of Hog1.
The high number of indirectly affected targets of Hog1 we identified extends the diversity of putative cellular functions of Hog1. In a first attempt to dissect this signaling system into distinct kinase-target cascades, we focused on the proteins indirectly targeted by Hog1 through the CaMK Rck2, which reside in field 1. We found the Rck2 network to be surprisingly complex, encompassing a large number of proteins of diverse cellular functions. The impact of rck2D under stress conditions on the sites of field 1 was vast when compared to the set directly modified by Hog1. Rck2 seems to constitute a central hub of an underlying phosphorylation network because phosphorylation sites of at least 16 kinases were affected by rck2D. Some proteins also seemed to integrate Hog1 and Rck2 signaling, either by having separate Hog1 and Rck2 phosphorylation sites or by having a phosphorylation site that could be targeted by either kinase. We conclude that the indirect targets of Hog1 are, to a large extent, controlled by Rck2 and therefore propose Rck2 as a major effector kinase of Hog1 signaling. Correspondingly, growth of a RCK2 deletion mutant was severely diminished in response to various hyperosmotic stress conditions. It will be interesting to see how future studies unravel the complexity of the Rck2 network, perhaps by applying a similar experimental strategy, as presented here.
Hog1 substrates exerting diverse cellular functions Babazadeh et al. found that rewiring osmostress signaling through the Kss1 MAPK network reconstitutes osmoadaptation in hog1D cells (97) . This reconstitution approach revealed that osmostress-induced upregulation of intracellular glycerol concentration is sufficient for successful osmoadaptation. The authors further anticipated that the number of MAPK functions essential for the response might be smaller than estimated from knockout approaches and genome-wide analyses. However, if increasing intracellular glycerol concentration is sufficient for survival of and adaptation to hyperosmotic stress, it remains unclear why Hog1 would-directly and indirectly-affect such a variety of different cellular functions.
We challenged this hypothesis by analyzing growth phenotypes of deletion mutants of the identified candidate proteins and, for some, observed growth effects of differing severity from one another in response to hyperosmotic stress treatment. Although we cannot fully exclude that those targets could be bystander substrates that do not severely affect growth under hyperosmotic stress, the observed differences on growth under stress conditions indicate that some of the Hog1-modified processes might have more or less impact on overall cell physiology and growth rate. Proteins that appear to have only a subtle effect on cellular fitness during stress might be of more relevance when cells become exposed to continuous fluctuations in extracellular osmolarity or exhibit a cumulative phenotype when combined. It is intriguing to speculate that under constant fluctuation of environmental conditions, such minor adjustments of phosphorylation patterns are important for competitive fitness.
MATERIALS AND METHODS
Yeast strain and plasmid construction Yeast strains and plasmids are listed in tables S6 and S7. Yeast strains WR557 (W303-1A SILAC Hog1as, Mat a) and WR564 (W303-1A SILAC Hog1as, Mat a) were obtained from a cross of WR210 with WR549 (7). Endogenous tagging (HTBeaq) and deletion mutations (kss1D and rck2D) were obtained by methods described in (7, (98) (99) (100) . Yeast strains used in M-track assays were generated as described in (58) using a strain library available from Life Technologies [http:// clones.thermofisher.com/; (101)].
Growth conditions
Yeast cells were grown shaking (200 rpm) at 30°C in synthetic medium (0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% glucose, and amino acids as required) or rich medium (YPD; 1% yeast extract, 2% peptone, and 2% glucose) for at least seven generations until mid-log phase (OD 600~1 ). For MS shotgun experiments (summarized in table S8), cells were subsequently treated, according to the experimental setup, with either 0.5 M NaCl for 5 min (setups SR and rck2D) or addition of the as-inhibitor {1-isopropyl-3-(phenylethynyl)-1H-pyrazolo [3,4-d] pyrimidin-4-amine}; a gift from M. Grøtli at the University of Gothenburg] at a final concentration of 5 mM for 10 min (setup I + 0'S) with subsequent salt treatment (0.5 M NaCl) for 5 or 10 min (setups HKi, I + 5'S, I + 10'S, respectively). For HTB purifications, stress and (if applied) inhibitor treatment were similar to setups SR and I + 5'S. Conditions for growth and proximity assays are described below.
SILAC labeling
SILAC labeling was performed as described previously (3, 7, 17) . For the experiments involving the analog-sensitive inhibitor targeted at the Hog1 kinase, a yeast strain containing the Hog1as allele was used. With the addition of the inhibitor to the cell culture (final concentration, 5 mm) for 10 min, we ensure full inactivation of the Hog1 kinase. The inhibitor is designed to block the vicinity of the kinase that is usually reserved for ATP binding (ATP pocket) (19) . Details on the experimental setups are provided in table S8.
Purification and MS analysis
MS shotgun experiments were performed as described previously (7) . Briefly, cells were harvested by filtration and proteins were extracted using TRIzol (Invitrogen) (7) . Tryptic digests were subjected to TiO 2 enrichment (102, 103) . Phosphopeptides were fractionated offline by strong cation exchange chromatography and analyzed on a reversedphase nano-high-performance LC-MS system coupled with an electrospray ionization interface (Proxeon Biosystems). MS analysis was performed using a Linear Trap Quadropole Orbitrap Velos (collisioninduced dissociation mode) or a Q Exactive (higher-energy collisional dissociation mode) mass spectrometer (Thermo Fisher Scientific). Data analysis was performed using the SEQUEST algorithm (Proteome Discoverer 1.3 and 1.4). Parameter settings are described in the corresponding data sets in PRIDE (see submissions PXD004294 to PXD004300) (104) . We performed both forward and reverse (decoy) searches and calculated protein and peptide false discovery rate (FDR) <1%. MS analysis of affinity-purified proteins was performed as described previously (7) .
Computational analysis of (phospho)peptide ratios Normalization of data was performed as follows: Correction factors for the experiments were calculated as the geometric mean of the lightto-heavy (L/H) ratios for all unphosphorylated peptides that contained either zero, one, two, etc., prolines (necessary correction for the signal loss due to arginine-proline conversion). The ratios measured for the phosphopeptides were divided by the correction factor.
To facilitate interpretation of phosphorylation sites, we grouped peptides together where the same residues are phosphorylated, regardless of potential missed cleavages or additional modifications such as oxidation (corresponding to a so-called "phosphorylation site group"). The eventual ratio for the phosphorylation site group is an average over all peptide ratios available in the group. Note that this kind of grouping could not be performed for the unphosphorylated peptide counterparts; however, we calculated the average and median of ratios corresponding to peptides of each protein, thereby estimating the impact experimental conditions had on the overall protein ratio.
For the analysis of the resulting peptide spectrum matches (PSMs) (FDR calculation, normalization of ratios, and extraction of quantified phosphorylation sites), we used in-house Python scripts (Python Software Foundation, Python Language Reference, version 2.7; www.python.org). The scripts include a library of functions for extracting forward and reverse PSMs and the search summary for .msf files, allowing easier and much faster handling of the data. All scripts and functions are available on demand.
GO enrichment analysis GO enrichment analyses were performed (http://geneontology.org/ page/go-enrichment-analysis) using the PANTHER classification system (105) . Gene ontologies from the category "biological process" (GO level 5) were extracted (corrected P value of fold enrichments <0.05); note that GO levels for each term have been downloaded from SUPERFAMILY (http://supfam.cs.bris.ac.uk/SUPERFAMILY/) for proteins of each field designated in Fig. 2 .
Kinase prediction analyses
We used the MotifX algorithm (24, 25) to identify overrepresented linear motifs within our set of dynamic phosphorylation sites. Each field was analyzed separately. The following settings were applied: minimum occurrences, 10; background, Saccharomyces Genome Database proteome. A binomial test was used to identify statistically enriched motifs, using a P value of 0.05 as a significance cutoff. Furthermore, we applied the NetworKIN algorithm (54) with default settings for kinase predictions for the dynamic phosphorylation sites. We determined the relative frequency for each kinase in individual fields and divided the resulting values by kinase frequencies that occur in the group of static phosphorylation sites (cutoff for graph set at 0.3). Thereby, we get an interpretable relative enrichment of kinases over a background represented by static phosphorylation sites.
Protein network analysis
Protein-protein interaction network for all putative targets of Hog1 was created using STRING database (version 10.0) (66) . All factors listed in Fig. 4F were used as search entries, with first neighbors automatically included in the network by the STRING database. All interaction
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predictions were based on physical, genetic, and text mining evidence types with the minimal confidence score of >0.7 (high), and a total of 40 white nodes and 0 interactors were allowed. We used the integrated MCL clustering algorithm according to STRING clustering instructions; clustering level was set to 3.
Growth tests W303-1A wild-type and deletion mutant strains were grown until midlog phase, shifted to an OD 600 of 0.025 to 0.05, split, grown for one to two generations, and then treated with either 0.5 M NaCl (final concentration) or the corresponding volume of YPD (mock). OD 600 was monitored for a minimum of four generations after stress treatment. Slopes were obtained from log-transformed growth curves between generations 2 and 4 after stress application (for the experimental window, see Fig. 5A ), and a stressed (added 0.5 M NaCl) versus unstressed (mock) slope ratio was calculated for every replicate (at least two per strain and condition; n = 17 for hog1D and n = 20 for wild type). Slope ratios were log 2 -transformed (Fig. 5B) .
Protein-protein proximity assay (M-track) M-track protein-protein proximity assays were performed as described previously (18, 58) . Cells were grown until mid-log phase, treated with either 0.5 M NaCl or 1 M sorbitol (final concentration) for 40 min, and harvested by filtration. Protein extraction was carried out under nondenaturing conditions by glass bead lysis. Analysis of WCLs was performed as described previously (58) using buffer 1 (106) . Immunoprecipitation and TEV cleavage (cleavage enrichment) of prey proteins were performed as described previously (58) . Histone H3 Lys 9 trimethylation (me3K9H3) of peptides was visualized by Western blot using an antibody recognizing me3K9H3 [WCL, ab8898 (Abcam); immunoprecipitate, NBP 1-30141 (Novus Biochemicals)]. Loading was controlled using an antibody (12CA5) recognizing HA. WCL loading was additionally controlled using an antibody targeting Pkg2 (Novex). Peak areas of signals were determined using ImageJ. Proximity signals were calculated as follows: Peak areas of me3K9H3 and HA signals were determined using ImageJ, and proximity signals were calculated as the log 2 ratio of me3K9H3 over HA signal of the individual candidates. Different Western blot experiments were normalized by subtracting the average log 2 signal intensity of the control samples Hot1 (positive control), Cyr1 (internal control), and Hog1-protA-H3 (negative control). We used a one-tailed Welch's t test to identify the statistically significant candidates. In short, for each candidate gene, the signal intensities of all replicates were compared against all signal intensities of the negative control. P values were corrected for multiple testing by the Benjamini-Hochberg procedure with a of 0.01 to generate q values. Candidate genes with a mean signal intensity lower than the negative control were considered as not significant. Statistical analysis was performed independently for the whole-cell lysate and cleavage enrichment data sets. Data analysis and figure generation were performed using Python scripts utilizing the libraries NumPy (107), matplotlib (108) , seaborn (109), scipy (107) , and statsmodels (110) .
Serial dilution droplet test W303-1A wild-type and deletion mutant strains were grown to mid-log phase. OD 600 values of cultures were equalized to 0.1, and serial dilution steps of 1:7 dilutions were prepared. Droplets of 2.5 ml were transferred onto hyperosmotic stress plates (YPD; +0.5 M NaCl, +0.8 M NaCl, +1.2 M NaCl, +0.8 M KCl, +1.2 M KCl, and +1.2 M sorbitol) and onto a YPD plate with no additives as a control. Plates were incubated at 30°C, and growth was monitored for 4 days.
Scoring system in serial dilution droplet test Growth was monitored for 1 to 4 days and compared to wild type and hog1D. Long-term growth effects were assayed using an additive scoring system, endowing a score of 2 for a strong phenotype, a score of 1 for a weak phenotype, and score of 0 in case no phenotype was observed. Scores were further weighted according the molarity of the stressor (multiplied with a weight of three for 0.5 M, two for 0.8 M, and one for 1.2 M), resulting in a maximum score of 40 (applied for hog1D). Strains with scores corresponding to ≥13.5 (threefold of the wild type) were regarded as highly osmosensitive candidates, and scores between <13 and ≥5 as moderate or weakly sensitive. Mutants with a score similar to wild type (lower than 5) were regarded as insensitive to hyperosmotic stress. Finally, to calculate a final score integrating both droplet test scores and slope ratios, we scaled scores from these assays from 0 to 10 and computed the average score (see Fig. 5D ).
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/10/469/eaag2435/DC1 Fig. S1 . Data from the setup SR are consistent with data described in previous studies. Table S1 . Peptide list over each separate replicate experiment. Table S2 . Summary of quantified phosphorylation sites over all MS experiments Table S3 . Number of peptides in different fields per protein. Table S4 . Inhibitor-susceptible S/T-P motifs (not assigned in setup SR) covered in only one of the setups. Table S5 . Putative indirect targets of Hog1. Table S6 . Strains used in this study. Table S7 . Plasmids used in this study. Table S8 . Details of the individual experimental setups. References (111, 112) 
